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Abstract
Ribosomal proteins are highly conserved components of basal cellular organelles,
primarily associated with translation of mRNA leading to protein synthesis.
Additionally, some of these proteins are known to play critical role in plants RNA
metabolism during stress responses, growth, and development. In this study,
transgenic Arabidopsis plants expressing a ribosomal protein S27 (hereafter D26)
isolated from Solanum tuberosum was subjected to NaCl-induced salinity stress
conditions, to evaluate their putative stress resistance. Transgenic plants were exposed
to high salinity stress, induced by 200 mM NaCl and physiological and biochemical
assays were performed. The D26 transgenic plants demonstrated improved plant
height and root length accompanied with higher chlorophyll and carotenoids
accumulation compared to wild-type (WT) control plants under stressed conditions.
Electrolyte leakage and stomatal conductance, indicators of stress-related tissue
damage and plant water status respectively, were significantly lower in D26 plants
compared to WT plants under NaCl-induced salinity stress. Accumulation of proline
was recorded higher in D26 plants compared to WT plants. Similarly, lower
accumulation of malonaldehyde in D26 plants than the WT plants indicated that D26
suffered relatively lesser oxidative lipid damage than WT under stress. Higher relative
expression of three genes encoding major reactive oxygen species (ROS) scavenging
enzymes, Ascorbate peroxidase (APX), Catalase (CAT) and Superoxide dismutase
(SOD) further indicated improved ROS detoxification capacity in D26 plants. In terms
of the damage to photosynthetic components, analyses of Chlorophyll-a fluorescence
kinetic revealed that the overexpression of S. tuberosum S27 gene improved the
performance indices (PIABS and PItotal), and quantum yields, and efficiencies of
photosystem II (PSII) measured in eleven critical photosynthetic parameters, in D26
plants under salinity stress. Further characterization of D26 plants through RNA-seq
analysis is underway.

Keywords: Abiotic stress, Chlorophyll-a fluorescence, Osmotic stress, Quantitative
PCR, Reactive oxygen species.
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)Title and Abstract (in Arabic

التقييم الجزيئي والفسيولوجي لتحمل إجهاد الملوحة في خطوط نبات األرابيدوبسيس
المعدلة وراثيًا والتي تعبر عن بروتين المرتبط بالريبوسوم Solanum tuberosum
الملخص

بروتينات الريبوسوم هي مكونات محفوظة بشكل كبير للعضيات الخلوية القاعدية ،وترتبط مبدئيا
بترجمة  mRNAمما يؤدي إلى تكوين البروتين .كما أنه من المعروف أن بعض هذه البروتينات
دورا مه ًما في استقالب الحمض النووي الريبي للنباتات أثناء استجابات اإلجهاد والنمو
تلعب ً
والتطور .في هذه الدراسة ،نباتات األرابيدوبسيس المعدلة وراثيًا التي تعبر عن بروتين
ريبوزومي( S27فيما بعد سيتم التعبير عنه ب  )D26الذي تم عزله من نبتة البطاطس و تم تعريضه
لظروف إجهاد ملوحة ناتجة عن إضافة ك لوريد الصوديوم ،ليتم تقييم مقاومة اإلجهاد المفترضة.
حيث تعرضت النباتات المعدلة وراثيا لضغط ملوحة عالي ،ناتج عن إضافة  200ملي مول من
كلوريد الصوديوم وأجريت فحوصات فسيولوجية وكيميائية حيوية .أظهرت النباتات المعدلة
وراثيًا  D26ارتفاعًا محسنًا للنبات وطول الجذور مصحوبًا بزيادة تراكم الكلوروفيل والكاروتينات
مقارنة بنباتات التحكم من النوع البري  WTتحت ظروف اإلجهاد .و كان تسرب اإللكتروليت
و الموصلية الثغرية مؤشرا على تلف األنسجة المرتبط باإلجهاد وحالة ماء النبات على التوالي،
حيث انه كان أقل بشكل ملحوظ في نباتات  D26مقارنة بنباتات  WTتحت إجهاد الملوحة الناجم
عن كلوريد الصوديوم .ومعدل تراكم البرولين أعلى في نباتات  D26مقارنة بنباتات  WTوبالمثل،
فإن إنخفاض تراكم  Malonaldehydeفي نباتات  D26عن نباتات  WTيشير إلى أن  D26عانى
من ضرر أقل نسبيا للدهون المؤكسدة من  WTتحت اإلجهاد .اما بالنسبة الى التعبير النسبي
األعلى لثالثة جينات من إنزيمات الكسح لمركبات األكسجين التفاعلية Ascorbate peroxidase

) Superoxide dismutase (SOD) ،Catalase (CAT) ،(APXفيشير إلى تحسين قدرة إزالة سموم
) (ROSفي نباتات  .D26و فيما يتعلق باألضرار التي لحقت بمكونات التمثيل الضوئي ،كشفت
تحليالت  Chlorophyll-a fluorescence kineticأن اإلفراط في التعبير عن جين ) (S27أدى إلى
تحسين مؤشرات األداء)، (PIABS and PItotalوعوائد الكم وكفاءة النظام الضوئي الثاني )(PSII

المقاسة في أحد عشر عامل من عوامل التمثيل الضوئي المهمة في نباتات  D26تحت إجهاد
الملوحة .المزيد من توصيف النباتات  D26من خالل تحليل تسلسل ال RNAما زال قيد التنفيذ.
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Chapter 1: Introduction
1.1 Overview
Plants are exposed to numerous external factors that can cause harmful effects.
These factors commonly known as the abiotic stresses include salinity, drought, metal
toxicity, extreme temperatures, etc. Abiotic stress is a serious threat to agriculture and
the environment that has significantly increased in recent years due to global warming
and rapid industrialization. More than 800 million hectares of land throughout the
terrestrial part of the world are currently affected with high salinity. Continuing
salinization of arable land is expected to have a massive global impact, resulting in a
30% to 50% loss of agricultural land over the following 25 years. Overall, it has been
estimated that the world is losing at least 3 ha of arable land every minute due to high
soil salinity (Vahdati & Leslie, 2013). Some of the most serious effects of high salinity
are observed in the arid and semi-arid regions where low rainfall, high evaporation,
saline irrigation water, native rocks and poor water management all contribute further
to this problem. Arid environments characterized by high temperatures, low rainfall,
prolonged summer and shortage of freshwater resources and high salinity of water
dominate the UAE region. The exploitation of saline water and salt-affected land
requires plant species and varieties with improved agronomic traits and environmental
value. There is a need to increase the knowledge of genetic diversity using
biotechnological approaches in plants to confer agronomically important traits
including those that enable them to withstand the extreme environmental conditions.
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1.2 Statement of the Problem
The prime concern of the abiotic stresses is that these factors are expected to
augment in the coming decades due to global warming and associated changes in
climate. In arid and semi-arid regions, salinity is a significant threat to agriculture,
where water shortage and inadequate irrigation management will severely reduce crop
yield and effects soil physicochemical properties, and ecological balance of the area.
High salinity leads to decrease agricultural productivity, decrease economic returns
and soil erosions (Shrivastava & Kumar, 2015).
To overcome this problem, there is a requirement to sustain the current rate of
increase in agriculture production. Thus, it is important to develop improved varieties
of crop plants with higher tolerance to various stresses. A better understanding of the
underlying mechanism of plant stress tolerance is important for the development of
stress-tolerant plants. Studies in different plant species, especially in model plants such
as Arabidopsis thaliana have revealed various mechanisms involved in the stress
tolerance of plants. It is now time to apply the knowledge on the stress tolerance
mechanisms to develop resistant cultivars of agriculturally important plants, such as
tomato, rice, wheat, etc.
1.3 Relevant Literature
Abiotic stresses such as drought, high salinity, low or high temperature, deficient
or excessive water, heavy metals, and ultraviolet (UV) radiation are defined as the
negative effect of non-living factors on the living organisms in a specific environment.
Plants must overcome stress and develop various stress-tolerance strategies to avoid
their

adverse

effects.

Stress-tolerance

strategies

include

osmoregulation,

morphological adaptations, and enhanced activities of both enzymatic and non-
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enzymatic antioxidants. To some extent, these strategies do help plants withstand
unfavorable environmental conditions (Gururani et al., 2015).
1.3.1 Salinity Stress
Salt stress is one of the most difficult environmental factors limiting the
productivity of crops. Plants are sensitive to salinity and most of them cannot survive
when NaCl concentrations exceed 200 mM. The area of land affected by salinization
is increasing day by day. Salinity causes adverse effects on plant growth and leads to
many changes in the morphological, physiological, and biochemical processes such
as

plant

growth,

seed

germination,

and

nutrient

with

water

uptake

(Akbarimoghaddam et al., 2011).
Salinity has been demonstrated to have a negative effect on leaf area, stomatal
conductance, chlorophyll content and the quantum yield of PSII (Gururani et al.,
2015). Salinity disrupts the reproductive development of plants by suppressing stamen
filament elongation and microsporogenesis, enhancing programed cell death in certain
tissue types, ovule abortion and senescence of fertilized embryos (Khan et al., 2019).
The saline growth medium causes many unfavorable effectiveness on plant growth,
because of the low osmotic potential of soil solution (osmotic stress), specific effects
of ions (salt stress), imbalances of nutrients, or a mix of these factors which effects
adversely on plant development at molecular, biochemical and physiological levels
(Shrivastava & Kumar, 2015).
Different plant species shows different growth responses in the same saline
environment. Researchers found that many plants are sensitive to high salinity during
germination and the seedling stage. The main source of the sensitivity to salinity is not
fully understood. Some researchers reported that the inhibition of seed water uptake
due to a high salt concentration caused germination failure, whereas others have
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suggested that salt toxicity affect germination. Mainly salinity could influence crops
by different ways such as osmotic effect, ion imbalance, specific ion effect, and
oxidative stress (Akbarimoghaddam et al., 2011).
1.3.1.1 Effect of Salinity on Water uptake, Osmotic Stress, and Nutrient
Deficiency
Salinity declines water uptake as the excess salts present within the soil or
irrigation water decrease the absorption of water by plants. By decreasing the osmotic
potential of the soil solution, plant access to soil water is decreased, due to the decrease
in total soil water potential. When the soil become dry, the amount of salt in the soil
solution increased. Moreover decreasing the osmotic potential and raise the last ascent
to a high toxic level in older leaves causing early senescence and reduce the
photosynthetic leaf area of a plant to a dimension that cannot maintain plant growth
and development (Sheldon et al., 2017).
Salinity influence plant growth mechanism in two alternative ways, water
relations, and ionic relations commonly known as osmotic and ionic stresses (Hanin et
al., 2016). Osmotic adjustment is one of the main mechanisms that maintains the water
uptake from a saline soil to tolerance against salt stress. This is done either by
absorbing salts and compartmentalizing them inside plant tissue or synthesizing
organic solutes. Plants that absorb salts are called halophytes and they are generally
considered as significantly salt-tolerant with higher ability to store high concentration
of salt in their tissue without affecting the cell processes. In contrast, glycophytes
plants that synthesize organic solutes, prevent excess salt absorption because they
tolerate less amount of salt concentrations in plant tissues before affecting cell
processes (Orcutt & Nilsen, 2000). Most plants use a mix of those strategies with some
differences among varieties. Osmotic adjustment may lead to reduction in growth
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because of the metabolic needs of maintaining osmotic adjustment. Despite increasing
the absorption of salts which may contribute to osmotic adjustment, it also results in
Na+ and Cl- toxicity which affects the plant with different symptoms such as leaf
chlorosis, necrosis, and eventually cell death (Sheldon et al., 2017).
1.3.1.2 Salinity and Ion Toxicity in Plants
Plants cell require an optimum concentration of Na+, K+ and Ca2+ and an
imbalance of these molecules leads to the disruption in metabolic process at various
levels. A decrease in nitrate reductase activity as a result of high accumulation of Na+
contributes to inhibition of photosystem II (PS II), and breakdown of chlorophyll (Gill
& Tuteja, 2010). In addition, Na+ replacing Ca2+ affects the cell membrane function
negatively, leading to increased cell leakiness. The negative effects of high
accumulation of Cl- on plant cells have been studied in great details, however the
precise mechanism of chloride toxicity in plants remains elusive (Li et al., 2017). With
the available reports, it appears that high amounts of Cl- inside leaf tissue may damage
photosynthetic function primarily by inhibiting the nitrate reductase activity.
Moreover, the increased accumulation of salts in the intercellular space leads to
dehydration and cell death. A better understanding of the major effects of salinity on
the metabolic processes viz., phytohormone synthesis and photosynthesis is warranted
in order to develop improved crop cultivars in future (Sheldon et al., 2017).
1.3.1.3 Salinity and Nutrient Imbalance in Plant
Salinity directly affects the nutrient imbalance between soil and plant. The
most detrimental effect of salt is the accumulation of sodium and chloride ions in plant
tissues and soil. High Na+ concentration exhibits an antagonistic effect on K+. In
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addition, reduced nitrogen absorption by plants has been noticed under high salinity
(Hussain et al., 2019).
Salinity imposes deficiency of nutrient such as N, Ca, K, P, Fe, and Zn. In
particular, salinity reduces the uptake of phosphorus because phosphate ions and
calcium ions tend to precipitate under saline conditions (Bano & Fatima, 2009).
Certain elements exhibit toxic effects on plants such as sodium, boron, and chlorine.
Excessive accumulation of Na+ in the cell walls leads to rapid osmotic stress and cell
death. Plants sensitive to those elements could also be affected at relatively low salinity
if the soil contains adequate toxic elements. Since many salts are also plant nutrients,
high salt concentration within the soil can create an imbalance in the available nutrients
in the plant or inhibit the absorption of certain nutrients (Shrivastava & Kumar, 2015).
1.3.1.4 Salinity and Photosynthesis
Abiotic stress leads to photooxidation as a result of over-reduction of the
electron transport chain (ETC). Also, it conduct a huge damage on the photosynthetic
machinery of plants (Gururani et al., 2015). Photosystem II (PSII) is one of the most
critical components of the photosynthetic machinery that sustain the impact of abiotic
stress. In addition to the generation of reactive oxygen species (ROS) by abiotic stress
can damage the photosynthetic apparatus, particularly PSII due to an imbalance in the
photosynthetic redox signaling pathways and the inhibition of PSII repair leading to
photoinhibition. Plants have several mechanisms to overcome this problem, e.g.,
reducing the rate of electron transport by converting the excessively absorbed light
into thermal energy (Gururani et al., 2015).
Earlier study about the effects of increasing salinity on photosynthesis and
plant water potential in Kansas salt marsh species, showed reducing in photosynthesis
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in all species under high salinity and stomates were particularly sensitive to increasing
salinity in t. Ramosissima (Betzen et al., 2019).
1.3.1.5 Chlorophyll-a Fluorescence as a Tool to Determine the Effect of Stress on
Photosynthesis
Chlorophyll a fluorescence induction indicates the difference in chlorophyll a
fluorescence intensity that happen when a photosynthetic specimen is transfer from
darkness to light. Fluorescence induction have two phases: (i) the fast induction phase
or the OJIP phase is comprised of four phases, where O refer to origin, P refer to peak
and J–I represent the intermediate phases, and (ii) the slow induction phase or PSMT
stage where P refer to peak, S refer to steady, M refer to maximum, and T refer to is
the terminal state (Gururani et al., 2015).
Fast induction kinetics represent the primary photochemistry of PSII and
provide an important information about the electron acceptors reduction during
electron transport chain (ETC) and PSII photochemistry (Stirbet et al., 2018). OJIP
analysis represent this information in simple way through a mathematical calculation
and a range of theoretical assumptions using specialized software. The slow
fluorescence method analyzed to assess the performance of plants under high salinity
based on quantitative measurements of slow fluorescence to detect plant senescence
depend on quantitative measurements of slow fluorescence and the changes in slow
fluorescence intensity shows the differences in capacity of photosynthetic and content
of chlorophyll during age-dependent and hormone-modulated senescence (Zhang et
al., 2007).
Fast chlorophyll a transient kinetics can determine the PSII efficiency under
normal and stress conditions. Since the analysis of fast chlorophyll, a transient has the
potency to detect interesting details related to the adjustment and alteration of the
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photosynthetic machinery during stress conditions. The parameter Fv/Fm shows the
effects of abiotic stress on PSII. The reactivity of the photosynthetic apparatus is curial
to the vitality and the physiological status of plants subjected to environmental stress
(Gururani et al., 2015). Alterations measurement of fast chlorophyll a fluorescence
transient has become quite applied technique for estimating reactivity. Recent work by
Swoczyna et al. (2019) used the chlorophyll a fluorescence technique to examine the
effect of N nutrition on photosynthetic demonstrated that are useful to detect the
overall decrease in photosynthetic apparatus vitality.
1.3.1.6 Overproduction of ROS Under Salinity Stress
Salinity stress produces reactive oxygen species (ROS) which are toxic to plant
cells at high amount. These ROS molecules like oxygen radical (O2−), superoxide
(OH−), and Hydrogen peroxide (H2O2) cause oxidative damage in plants with severe
damage to plant cells such as photoinhibition, electrolyte leakage and damage of the
nucleic acids. In addition, H2O2 and hydroxyl radicals (OH) cause lipid peroxidation
of membranes (Nxele et al., 2017).
To overcome ROS-induced damage plants have evolved mechanisms by
producing high levels of soluble antioxidants, like ascorbate, lipid-soluble
antioxidants, including α-tocopherol, and ROS-scavenging antioxidant enzymes, such
as catalase (CAT), ascorbate peroxidase (APX), and superoxide dismutase (SOD)
which eliminate free radicals that’s formed during abiotic stress conditions. Moreover,
to understand the mechanisms of plant antioxidant system, it is essential for plant
researchers to found compounds that could induce stress tolerance in plants (You &
Chan, 2015).
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Previous studies demonstrated the positive effects of enzymatic and nonenzymatic agents on salinity tolerance in plant. For example, in a study on the
enzymatic activities in the Chinese bayberry tree under oxidative stress, there was a
significant increase activities of SOD, CAT and APX (Wu et al., 2012). In another
report, APX and CAT activities increased significantly in the sapodilla rootstock
exposed to 12 dSm−2 of diluted seawater (Mohammadi et al., 2018).
In a recent study of antioxidant response to salinity in two date palm cultivars,
it was demonstrated that there was more SOD, CAT and APX activities in one type of
date palm than the other type, indicating that the antioxidant mechanism is crucial for
salinity tolerance in date palms (Al Kharusi et al., 2019).
1.3.2 Use of Salt Tolerant Crops and Transgenic
Based on the literature available from the past two decades it is evident that the
most effective strategy to mitigate salinity is the development of salt-tolerant crops
through genetic engineering. Notably, tolerance is not only required for the “dewatering” species, but also for the annual crops to follow, as salt residues remain in
the rhizosphere when the water table is decreased. Introducing salt tolerance in crops
also allows the effective use of poor-quality irrigation water. It is imperative to
understand the mechanisms of the influence of salt on plant development and the
mechanism of salt tolerance at the whole-plant, organelle, and molecular levels. Under
salinity stress, the pattern of gene expression changes, in addition to quantitative and
qualitative changes in protein synthesis. Although, it is generally agreed that salinity
cause quantitative changes in the synthesis of protein, there is some dispute as to
whether salinity activates certain genes that are involved in salt stress.
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Since salt tolerance does not show up to be conferred by unique gene(s).When
a plant is exposed to abiotic stress, a variety of genes are turned on leading to increased
accumulation of many hormones, secondary metabolites, osmoprotectants, antioxidant
enzymes and proteins, some of which are responsible for conferring a certain degree
of protection to these stresses (Gupta & Huang, 2014). Given that the basic
mechanisms of plants stress tolerance remain to be fully understood, the efforts to
improve crop performance by using transgenic approach under environmental stresses
have not been entirely productive. Recent work by Esmaeili et al. (2019) demonstrated
that co-overexpression of OsSIZ1 and AVP1 in A. thaliana substantially enhances plant
tolerance to salt, drought, and heat stresses.
1.3.3 Ribosomal Protein D26
Small gene families encode ribosomal proteins in plants. Around 80 cytoplasmic
ribosomal proteins have been studied in A. thaliana so far. Each ribosomal protein is
known to be encoded by two to seven family members, with various genes within a
family sharing between 65% and 100% amino acid sequence identity (McIntosh &
Bonham-Smith, 2006). The occurrence of multiple copies of each ribosomal protein
has been related to a probable ancient polyploidization event and could reflect a need
to hold stoichiometric levels of ribosomal proteins that make up the ribosome (Blanc
& Wolfe, 2004). The coordinated expression of ribosomal proteins from multigene
families that has been accomplished is generally unknown, but it probably includes
transcriptional, posttranscriptional, translational and post-translational mechanisms
(Thomas et al., 2006).
Plants are able to respond to abiotic stress due to the presence of RNA-binding
proteins (RBPs), which is now highly recognized as regulatory component of posttranscriptional gene expression (Marondedze et al., 2019). RBPs bind with mRNAs
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through the RNA-binding domains (RBDs), and these binding subsequently determine
RNA available for translation, RNA stability and RNA turn-over, which are essential
component for specific responses to stimulus (Marondedze et al., 2019). RNA-binding
proteins (RBPs) bind with RNAs to produce ribonucleoprotein (RNP) complexes
which plays significant role in all facets of post-transcriptional gene regulation
(Glisovic et al., 2008). With over 1000 RNPs currently identified, they are also
involved in plants adaptation to several environmental conditions. Thus, RBPs are
important in controlling gene expression and cellular physiology in all organisms
(Figure 4). There is limited number of RBPs categorized in plants, and some are
involved in plant native immunity and responses (such as PRP-BP, tcI14, GaPR10,
GRP7 etc.) (Fedoroff, 2002; Woloshen et al., 2011).
For RBPs to bind to RNA, there must be RNA binding domains (RBDs), which
has the ability to recognize specific RNA sequences (Figure 1) (Lunde et al., 2007).
With over 400 RBDs currently, some important ones include RNA recognition motif
(RRM), K-homology (KH domain), zinc finger binding domain (ZnF), DEAD box
helicase domains, and double-stranded RNA binding domain (ds-RBD) (Cléry et al.,
2008; Linder & Jankowsky, 2011; Valverde et al., 2008).
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Figure 1: Crosstalk between proteins and RNA. A: An RNA-binding protein (RBP)
can interact with RNA through defined RNA-binding domain (RBD) to regulate RNA
metabolism and function. B: The RNA can bind to the RBP to regulate its fate and
function (Adapted from (Hentze et al., 2018)).
Although binding depends on the recognition of specific nucleotide sequences
and RNA structure, RBPs uses multiple copies of the same RBD to boost RNA binding
affinity and specificity by increasing the area for RNA binding and the quantity of
recognized nucleotide sequence (Lunde et al., 2007). Present in 0.5–1% of genes,
RRM is the most common RBD in eukaryotes (Cléry et al., 2008). With a single RRM
recognizing only 2–8 nucleotides, the presence of more RRMs (up to four) enables
nucleotides recognition at different sites within the RNA, thus accelerating RNA
restructuring (Sawicka et al., 2008).
More so, certain RBPs combine with several types of RBDs to promote RNA
binding specificity (Afroz et al., 2014). Critical to cell biology, RBPs complement
RNA-binding proteome (RBPome), is strongly regulated and modified in response to
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changing environmental conditions (Garcia-Moreno et al., 2019; Perez-Perri et al.,
2018; Sysoev et al., 2016; Trendel et al., 2019).
Currently, there is no direct proof to support the functional specialization of
ribosomal protein family members in plants. However, the differences of amino acid
sequence between ribosomal protein family members and post-translational of
ribosomal protein modifications potentially add diversity into ribosomal proteins that
might contribute to functionally distinct ribosomes and ribosome heterogeneity
(Zheng et al., 2016). The S27 ribosomal protein has uncommon structural features
(Wool, 1996). It contains a C2–C2 zinc-finger structure very similar to transcription
factors. A study discovered structural similarities of S27 to proteins such as LSD1, a
putative transcription factor concerned within the regulation of programmed cell
death in plants. Two A. thaliana ribosomal protein mutants were shown to have
conditional phenotypes. The recessive mutant ars27A, an insertion mutation in one
of 3 S27 ribosomal protein genes, had no phenotype under standard growing
conditions. However, ars27A had raised sensitivity to DNA-damaging agents, that
inhibited ars27A growth and induced tumor-like structures on roots. UV radiationinduced degradation of many cytoplasmic transcripts is inhibited in ars27A mutants
(Revenkova et al., 1999). The mechanism by which ARS27A aids destabilization of
transcripts under stress is unknown and its yet to be determined whether or not other
ribosomal protein mutants share this phenotype. ARS27A has a transcription factor
zinc finger motif so it might need a function independent of the ribosome (Chang et
al., 2005).
Interestingly previous studies have suggested that the mRNA encoding a
ribosomal protein is first transported to the cytoplasm to get translated. The newly
translated ribosomal proteins then get imported into the nucleus, where they interact
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newly synthesized ribosomal RNA (rRNA) (Nissen et al., 2000). The premature
ribosomes thus formed, then undergo a series of complex alterations before they are
transported to the cytoplasm (Figure 2) (Aitchison & Rout, 2000).

Figure 2: Nucleocytoplasmic transport of ribosomal proteins. The graph illustrates the
transportation of translated mRNA to the cytoplasm and imported into the nucleus
where it is interacting with newly synthesized rRNA to form premature ribosome that
transported to the cytoplasm.
Protein sequence analysis and cell localization study of Potato S27 revealed the
complex nature of RBPs translocation within the cell (Figure 3). The hierarchical tree
illustrates the possible nuclear transport system which indicates that S27 is transported
to the nucleus via peroxisomal targeting signal (PTS) and nuclear localization signal
or sequence (NLS). These findings were in agreement with the previous report by
Aitchison & Rout (2000).
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Figure 3: Protein sequence of Potato D26 was subjected to cell localization program.
(CBS, Denmark Technical University). The hierarchical tree illustrates the possible
nuclear transport system which indicates that S27 is transported to the nucleus via
peroxisomal targeting signal (PTS) and nuclear localization signal or sequence (NLS).
The numbers indicate the likelihood of the presence of S27 in the respective
pathways/regions.

Furthermore, the in silico analysis for the expression of D26 genes in potato
plants revealed an increasing number of transcripts following the developmental
stages of the potato tuber i.e., from tuber sprout to a mature tuber (Figure 4).
Interestingly, this increased transcript number could possibly be attributed to
carbohydrate metabolism or starch biosynthesis in potato tubers.
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Figure 4: The expression of D26 in different organs of the potato plant. This analysis
based on the transcriptome data available on Expression Atlas (EMBL-EBI). The
increasing expression of S27 through the different stages of potato tuberization (from
stolon to young tuber and mature tuber) might be an indication of its involvement in
carbohydrate metabolism during phloem unloading to the storage organ.
Identification of major stress tolerance genes of a crop plant is significant for
the rapid development of its stress-tolerant cultivar. In a previous study, several
potential stress-associated candidate genes in S. tuberosum were distinguished using a
large-scale yeast functional screening approach (Kappachery et al., 2013). The authors
reported sixty-nine genes related to hyperosmotic stress tolerance. Furthermore, on the
basis of relative tolerance to different stresses, 12 genes were reported to be the most
effective in ameliorating drought stress and high survival rates in salinity and high
temperature stresses. One of the 12 identified genes, the StD26 encoding the ribosomal

17
S27 protein exhibited high tolerance levels under drought salinity and high
temperature stress.
This study was based on a hypothesis that overexpression of S. tuberosum
ribosomal protein S27 in A. thaliana might promote abiotic stress tolerance in A.
thaliana. S27 ribosomal protein characterized in model plant in order to elucidate the
function of this gene in higher plants. Transgenic A. thaliana plants expressing StD26
were subjected to salinity stress and the plants were evaluated for their putative stress
tolerance to achieve the following objectives:

1. To determine the functional role of S27 ribosomal gene in plant growth,
development, and abiotic stress.

2. To evaluate the physiological and biochemical changes in A. thaliana plants
expressing S27 under high salinity condition.
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Chapter 2: Methods
2.1 Identification of S27 Insertion lines
The NCBI Refseq gene accession number encoding potato S27 (or D26)
ribosome binding protein was found to be XP_006348532.1. The 86 amino acids
sequence encoding potato S27 (or D26) was retrieved from NCBI database (Refseq
acc. no. XP_006348532.1) and used to conduct a pBLAST search to identify possible
orthologues. The sequences were aligned and used for phylogenetic tree construction
using Clustal W program. Three-week-old wild-type control (WT) and T3 transgenic
A. thaliana lines expressing a S. tuberosum S27gene (NCBI acc. no. JX683411) were
used for the study. The D26 transgenic and control seeds were obtained from Konkuk
University, Korea. The potato D26 gene expressed in the transgenic A. thaliana lines
was introduced by a pMDC32 plant expression vector (Addgene, USA). The gene was
driven under the control of a constitutive CaMV 35S promoter and carries a
hygromycin resistant gene for plant selection along with kanamycin resistant gene for
bacterial selection.
2.2 Plant Growth and Experimental Design
For surface seed sterilization, the seeds were first briefly washed with 70%
ethyl alcohol for 3-5 minutes, followed by washing with 5% sodium hypochlorite (v/v)
for 15 min and rinsing four to five times with double distilled water before inoculating
the seeds on petri plates containing half-strength Murashige and Skoog medium (MS
medium, Sigma Aldrich, USA) supplemented with 7 g/L plant agar (Sigma Aldrich,
USA) and 20 mg/L hygromycin (Sigma Aldrich, USA) for selection of transgenic
plants (Table 1). WT control plants were allowed to grow on MS medium without
hygromycin. Seedlings that survived in the selection medium were selected for further
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experiments. Three-weeks-old plants were transferred from MS medium to pots (10
cm in size) containing fertilized garden soil (Van Egmond, The Netherlands). Plants
were grown under controlled conditions in a plant growth chamber at a photon flux
density of 150 μmol m−2 s−1 (16/8 h day/night period) at a relative humidity of 60%,
and a temperature of 25 ± 2°C.
Table 1: Composition of half strength MS medium
Component

Amount

Murashige & Skoog (with B5 2 g
vitamins)
Sucrose

10g

Plant agar

12g

Distilled water

800 ml

pH

5.7

Final volume made up to

1000 ml

2.3 Genomic DNA Isolation and Validation of Transgenic Plants
To confirm the presence of S. tuberosum S27 gene, total genomic DNA was
extracted from the leaf samples using Cetyl Trimethyl Ammonium Bromide (CTAB)
method (Sambrook et al., 1989). Leaf samples were ground to a fine powder in the
presence of liquid nitrogen using sterilized mortar and pestle. For each 100 mg
homogenized tissue, 500 µl of CTAB extraction buffer (Table 2) was used. The
homogenate was transferred to a 60°C bath for 30 minutes. Following the incubation,
homogenate was centrifuged for 5 minutes at 13000 rpm. The supernatant was
transferred to fresh sterile tube. To each tube, 5 µl of RNase solution A was added and
the tubes were incubated at 37°C for 20 minutes. An equal volume of
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chloroform/isoamyl alcohol (24:1) was added and the tubes were centrifuged for 5
minutes at 13000 rpm to separate the phases. The aqueous upper phase was then
transferred to fresh sterile tube. This extraction was repeated until a clear upper phase
was obtained. The DNA was precipitated by adding 0.7 volume ice-cold isopropanol
and incubated at -20°C for 15 minutes. The samples were then centrifuged at 13000
rpm for 10 minutes. The supernatant was discarded without disturbing the pellet and
then washed with 500 µl ice cold 70% ethanol. The ethanol was then decanted, and the
pellet was kept for air drying. Finally, the DNA pellets were dissolved in 20 µl TE
buffer (10 mM Tris, pH 8, 1 mM EDTA). DNA concentration was determined using
Nano Drop ND-100 Spectrophotometer (Nano Drop Technologies, USA).
Table 2: CTAB extraction buffer recipe
Reagent

Amount
(for 10 mL)

Final
concentration

Cetyltrimethyl ammonium

3 mL

3%

5 M NaCl

2.8 mL

28%

0.5 M EDTA (pH 8.0)

0.4 mL

4%

1 M Tris-Cl (pH 8.0)

1 mL

10%

Polyvinylpyrrolidone (PVP)

0.3 g

3%

β-Mercaptoethanol

0.02 mL

0.2%

H2O

2.48 mL

24.8%

bromide (CTAB) (10% in H2O)

(MW 40 kDa)
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Gene-specific primers designed previously in the laboratory against the coding
sequence of S. tuberosum S27 gene and hygromycin resistance gene. Polymerase chain
reaction (PCR) was performed using the genomic DNA as template with gene specific
primers (Table 3) to amplify D26 gene of 207 bp size in order to confirm the
integration of binary vector in the plant genome. The PCR amplification reaction was
performed using the following thermal profile: one cycle of initial denaturation at 94°C
for 5 min; 35 cycles of denaturation at 94°C for 1 min, annealing at 55°C for 1 min,
extension at 72°C for 1 min, and final extension by one cycle at 72°C for 10 min. The
25 μl PCR reaction mixture contained genomic DNA (50 ng), 10× Taq buffer
containing 2 mM MgCl2, 2.5 μl dNTP (2.5 mM concentration for each of the 4
different deoxyribonucleotides), forward primer (0.1 μg/μl), reverse primer (0.1
μg/μl), 0.125 μl Taq DNA polymerase enzyme and deionized water. The amplified
product was assayed by agarose gel electrophoresis on a 1% agarose gel. Reaction
mixtures without DNA template served as negative controls. PCR positive transgenic
plants were further validated by DNA sequencing (Macrogen, Korea).
Table 3: List of primers used in the study
No. Gene

Primer Sequence (5’ – 3’)

1

St-D26-F

GCTGAGCAGGAGAAGAGAAAG

2

St-D26-R

CCTGAAAGAACAACCCTCAGT

3

At-GAPDH-F

GAGAGTTTGTGTGTGGTTGAGTTC

4

At-GAPDH-R

GGTTTGAGTTAGCACGAGAAAGTAA

5

At-CAT-F

AAGTGCTTCATCGGGAAGGA

6

At-CAT-R

CTTCAACAAAACGCTTCACGA
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Table 3: List of primers used in the study (continued)
No.

Gene

Primer Sequence (5’ – 3’)

7

At-SOD-F

TCCATGCAGACCCTGATGAC

8

At-SOD-R

CCTGGAGACAATGATGCC

9

At-APX-F

CCGTCCTTTGGTCGAGAAATA

10

At-APX-R

GGATAAGTACCCAAGCTCAGAAA

11

Hygro-F

TAGCGAGAGCCTGACCTATT

12

Hygro-R

GATGTTGGCGACCTCGTATT

2.4 Stress Treatments
To evaluate the putative changes in plant’s physiology and biochemical
composition under stress, four-weeks old WT and T3 transgenic A. thaliana plants
were subjected to salinity stress treatments. Plants were watered among trays
underneath the pots with 200 mM NaCl solution. WT plants were watered with normal
tap water with the same method. After the 10th day of salinity stress, the leaf samples
were collected for biochemical and molecular analyses. Overall, four treatments were
used for the study with 15 plants in each treatment; WT-NS (wild-type plants watered
with normal water), WT-NaCl (wild-type plants watered with 200 mM NaCl), D26NS (D26 plants watered with normal water) and D26-NaCl (D26 plants watered with
200 mM NaCl) as shown in Figure 5.
For the in vitro studies, two-week-old NT and T3 D26 transgenic A. thaliana
plants that survived on the selection medium (MS medium supplemented with 25 mg/L
hygromycin) were selected for the stress assays. To induce salinity stress in plants, 200
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mM NaCl was added to MS plant growth medium. Plants grown in normal MS
medium served as NS controls.

Figure 5: Illustration of experimental set up. A. thaliana plants expressing a potato
D26 gene were used for the experiments in four treatments as explained in the
materials and methods section.
2.5 Determination of Morphological Parameters, Chlorophyll and Carotenoid
Contents
Root and shoot length were recorded in the in vitro grown seedlings after 10
days of exposure to salt stress. For chlorophyll and carotenoids estimation, 500 mg of
leaf sample was homogenized in a pestle and mortar with 10 ml of 80% acetone and
centrifuged at 3000 rpm for 15 minutes to collect the supernatant. The pellet was reextracted by several washings with 5 ml of 80% acetone till it became colourless. All
the extracts were pooled and used for pigment quantification. The method was
followed for all the samples. The amount of chlorophyll present in the samples was
estimated by following the method of Arnon (1949). Absorbance was measured at 470
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nm, 645 nm and 663 nm in a spectrophotometer. The chlorophyll content was
measured by using Arnon’s (1949) equations:
Chloropyll a (µg/ml)=12.7(A663)–2.69(A645)
Chloropyll b (µg/ml)=22.9(A645)-4.68(A663)
Total chloropyll (µg/ml)=20.2(A645)+8.02(A663)
Where, A = Absorbance at respective wavelength = Volume of extract (ml), W = Fresh
weight of the sample (g). For carotenoids estimation following equation was used:
Carotenoids (mg/g d.w.)=(1000×A470-2.13×Chl a-97.63×Chl b)÷209
2.6 Stomatal Conductance, Electrolyte Leakage and Malondialdehyde (MDA)
Measurements
Stomatal conductance was recorded after 10 days of stress treatment. The upper
surface of fully expanded leaves was used for measurement using a steady state
diffusion leaf porometer (SC‐1; Decagon Devices, Inc., USA). The device was
calibrated each day before taking the measurements. All the measurements were taken
at 25 ± 1°C and 55 ± 5% relative humidity.
To estimate the electrolyte leakage, leaf discs were suspended in 10 ml
distilled water in a test tube for boiling at 100°C for 60 min. Next, the filtrate was
collected, and the electrical conductivity (ECa) measured. The filtrate was brought to
room temperature and then heated to 55°C for 30 min; the electrical conductivity
(ECb) was then measured again. The filtrate was then boiled at 100°C for 10 min and
the electrical conductivity (ECc) was recorded. The electrolyte leakage was calculated
using:
Electrolyte leakage(%)=(ECb–ECa/ECc) X 100
For estimation of the MDA equivalent content, 500 mg leaf tissue was ground
to a fine powder using liquid nitrogen and homogenized in 5 mL of 50 mM buffer
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(0.07% NaH2PO4·2H2O and 1.6% Na2HPO4·12H2O). The samples were centrifuged
at 20,000 g for 25 min at 4°C. Next, 4 mL of 20% trichloroacetic acid containing 0.5%
thiobarbituric acid was added to 1 mL of the supernatant. The reaction mixture was
then kept for 30 min incubation at 95°C, followed by incubation on ice for 10 mins.
The samples were then centrifuged at 13,000 rpm for 10 min, and the absorbance was
recorded at 532 nm. The non-specific absorption at 600 nm was deducted from the
absorbance reading at 532 nm. The final MDA equivalent content was calculated as
described earlier (Fu & Huang, 2001).
Concentration of MDA (mM) = (A532 – A600)/155
Where A532 = absorbance at 532 nm; A600 = absorbance at 600 nm and Extinction
coefficient of this MDA-TBA at 532 nm is 155 mM-1cm-1.
2.7 Proline Estimation
Proline extraction and colorimetric estimation were carried out with leaf
samples from WT and D26 A. thaliana plants subjected to high salinity as described
earlier (Gururani et al., 2013). Approximately 500 mg of leaf samples was ground in
the presence of liquid nitrogen and homogenized in 10 mL of 3% aqueous
sulfosalicylic acid. Subsequently, equal volumes (2 mL each) of the filtered
homogenate, glacial acetic acid and acid-ninhydrin were mixed together and allowed
to react for 1 h. The reaction was ended by keeping the tubes on ice. And the
chromophore-containing phase was extracted with 4 mL of toluene and therefore
absorbance has been measured at 520 nm. The proline concentration determined from
a standard curve and calculated on an FW basis (umol proline g-1 FW).
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2.8 Expression Analyses of ROS-Scavenging Enzymes
The mRNA expression of genes encoding the three major ROS-scavenging
enzymes (APX, SOD and CAT) was determined using quantitative Real Time
Polymerase Chain reaction (qRT-PCR). Total RNA was extracted from the frozen leaf
samples using Plant RNA purification kit (Norgen Biotek Corp, Canada) and the
cDNA was synthesized from 1 μg RNA using the TruScript First Strand cDNA
Synthesis Kit (Norgen Biotek Corp, Canada). Diluted cDNA (10x) samples were used
as template for the qRT-PCR analysis. The qRT-PCR analysis was performed using
the QuantStudio5 System (Applied Biosystems, USA) and SYBR™ Green PCR
Master Mix (Applied Biosystems, USA). Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH; NCBI Acc. No. MH260251) was used as the internal control. The PCR
program included pre-denaturation at 95°C for 3 min, followed by 35 cycles at 95°C
for 30 s, 58°C for 15 s, and 72°C for 30 s, and final step at 72°C for 5 min. The primers
used for the analysis are listed in Table 3. Relative transcript levels of all gene were
calculated with reference to GAPDH (% relative expression to GAPDH) using 2–∆CT
value [2–∆CT×100] and plotted in the graph. Mean values were recorded from four
biological replicates, and the standard errors were indicated by error bars.
2.9 Chl-a Fluorescence Measurements
Pots containing WT-NS, WT-NaCl, D26-NS and D26-NaCl plants were darkadapted for 1 h before measuring the Chl-a fluorescence. Measurements were taken
under dark conditions using a Pocket Plant Efficiency Analyzer (Hansatech
Instruments Ltd., UK). An actinic light beam of 3000 μmol photons m−2 s−1 is used for
determining the fluorescence induction at 685 nm. Five randomly selected individual
plants were used for each replicate and three replicates were used for each treatment.
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Measurements were recorded in the middle part of the fully developed leaves. The
maximal fluorescence (FM) and minimal fluorescence (FO) of the sampled leaves were
both used to calculate the quantum yield of PSII, which expressed as the Fv/FM ratio.
The data thus recorded was analyzed depending on “JIP-test equations” using Biolyzer
software program (Strasser et al., 1995). The JIP-test conditions (Strasser, 1981), and
are in conformity with the general derivation for the actual quantum yield of primary
photochemistry φPx =TRx/ABS = 1 - Fx/FM. These conditions interpret that each
energy flux of the energy cascade from the photon absorption flux (ABS) is altered
into a free energy flux (RE), is transported via the photosynthetic electron transport
chain (ET), and then stored by the reduction of the end-electron acceptors of PSI. The
definitions of terms and formulae used in the JIP-test are listed in Appendix.
2.10 Statistical Analysis
All the experiments performed in this study were repeated at least three times
and the data obtained were analyzed using Origin 8.1 software (www.originlab.com).
Statistical differences were calculated using the one-way analysis of variance followed
by Tukey’s multiple comparison tests. Standard error was calculated using the n values
for every experiment. Bars with different letters in the figures indicate significant
differences at P < 0.05.
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Chapter 3: Results
3.1 Morphological and Molecular Analysis of D26 Plants
3.1.1 Molecular Analyses
The multiple sequence alignment results revealed that D26 is a conserved
protein with high sequence similarity with dicots of Brassicaceae, Leguminosae and
Solanaceae families as well as monocot grasses such as rice, Brachypodium and maize
(Figure 6A). The potato D26 gene expressed in the transgenic A. thaliana lines was
introduced by a pMDC32 plant expression vector (Addgene, USA). The gene was
driven under the control of a constitutive CaMV 35S promoter and carries a
hygromycin resistant gene for plant selection (Figure 6B). WT and putative transgenic
A. thaliana plants expressing potato D26 gene were subjected to PCR using D26 gene
specific primers and housekeeping GAPDH primers. As shown in Figure 6C, the D26
showed no amplification in WT but were amplified in D26 plants validating the
transgenic lines.

Figure 6: Molecular analysis of D26 plants. (A) Sequence alignment and Phylogenetic analysis of ribosome binding protein S27 from S.
tuberosum (StD26) and other plant species. The phylogenetic tree was generated using the Neighbor-Joining method (Kumar et al., 2018)
using MEGA X software. (B) pMDC32-StD26 vector construct used for generating D26 transgenic A. thaliana lines. (C) PCR
confirmation of D26 transgenic lines.
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3.1.2 Morphological Differences Under Salinity Stress
Notable differences were observed in plant growth of WT and D26 plants
subjected to NaCl- induced salinity stress (Figure 7A). The survival rate of WT vs D26
plants on NaCl containing MS medium was significantly higher in D26 plants. Similar
differences were noted in the plant height and root lengths of WT and D26 plants
(Figure 7B and C). The average plant height was recorded 1.5-folds and average root
length was recorded 1.6-folds higher in D26 compared to WT plants exposed to
salinity stress.

Figure 7: Morphological analysis of D26 plants. (A) Morphological difference
between in vitro grown WT and D26 plants subjected to 200 mM NaCl stress. (B)
Difference in root lengths in WT and D26 after 10 days of NaCl induced stress and
(C) Observed differences in plant height and root length of WT and D26 plants.
Different letters in each column indicate significant differences (p ≤ 0.05) in between
treatments after Tukey’s test (n = 3).
3.2 Pigment Analyses
The total chlorophyll and carotenoids accumulation of D26 A. thaliana leaves
were significantly higher compared to WT plants under salinity stress conditions
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(Table 5). The total chlorophyll content of D26-NaCl were almost 1.5-fold higher than
the leaves of WT-NaCl. Also, the D26-NaCl accumulated substantially higher
carotenoids contents than the leaves of WT-NaCl.
Table 4: Effect of salinity stress on the chlorophyll (Chl) and carotenoid content on a
dry weight basis (dwb) on wild type (WT) and D26 A. thaliana lines expressing StD26
gene
Chl a
(mg/g dwb)

Chl b
(mg/g dwb)

Total Chl
(mg/g dwb)

Carotenoids
(mg/g dw)

WT-NS

2.75±0.05a

0.76±0.04a

3.51±0.04a

0.74±0.02a

WT-NaCl

0.72±0.04b

1.02±0.13b

1.75±0.1b

0.11±0.07b

D26-NS

2.33±0.14a

0.81±0.14a

3.14±0.05c

0.48±0.07c

D26-NaCl

0.94±0.13c

1.6±0.12b

2.54±0.03d

0.28±0.07d

3.3 Profiling of Stomatal Conductance, Electrolyte Leakage, Proline and MDA
Stomatal conductance and electrolyte leakage, the markers of stress-associated
plant water status and cellular damage, respectively. Electrolyte leakage were
significantly lower in D26 plants compared to WT plants under NaCl-induced salinity
stress. Stomatal conductance was approximately 1.6-folds higher in D26 plants
compared to WT plants under NaCl-induced salinity stress while electrolyte leakage
was 1.4-folds higher in WT-NaCl plants compared to that of D26-NaCl plants under
NaCl-induced salinity stress (Figure 8A and B). Accumulation of proline was recorded
approximately 1.4-folds higher in D26 plants compared to WT plants under salinity
stress (Figure 8C). Similarly, lower accumulation of malonaldehyde in D26 plants than
the WT plants. WT-NaCl plants exhibited 1.7-folds higher MDA accumulation than
D26-NaCl plants (Figure 8D) indicating D26 suffered relatively lesser oxidative lipid
damage than WT under stress.
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Figure 8: Estimation of stomatal conductance, electrolyte leakage, proline content, and
MDA content in wild type (WT) and D26 A. thaliana lines expressing StD26 gene,
subjected to salinity stress. (A) stomatal conductance (B) electrolyte leakage, (C)
proline content, and (D) MDA content. Different letters in each column indicate
significant differences (p ≤ 0.05) in between treatments after Tukey’s test (n = 3 for
A, B and C and n=5 for D).
3.4 Expression Analyses of ROS-Scavenging Enzymes:
Real-time mRNA expression of genes encoding ROS-detoxifying enzymes
exhibited higher relative expression of three genes encoding Ascorbate peroxidase
(APX), Catalase (CAT) and Superoxide dismutase (SOD), which further indicated
improved ROS scavenging capacity in D26 plants. The gene expression of APX in
D26-NaCl were almost 2-fold higher than WT-NaCl (Figure 9A). On the other hand,
the expression of CAT in D26-NaCl was almost 1.3-fold higher than WT-NaCl (Figure
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9B). Similarly, SOD gene expression of in D26-NaCl were almost 1.2-fold higher than
WT-NaCl (Figure 9C).

Figure 9: Real-time mRNA expression of genes encoding ROS-scavenging enzymes.
A. Ascorbate peroxidase (APX), B. Catalase (CAT) and C. Superoxide dismutase
(SOD) in wild type (WT) and D26 A. thaliana lines expressing StD26 gene, subjected
to salinity stress. Different letters in each column indicate significant differences (p ≤
0.05) in between treatments after Tukey’s test (n = 5).
3.5 Chlorophyll-a Fluorescence Kinetic Analyses
In terms of the damage to photosynthetic components, Chlorophyll-a
fluorescence kinetic analyses revealed that the overexpression of S. tuberosum D26
gene in A. thaliana not only improved the primary photochemistry of PSII (Fv/Fm),
but also improved the performance indices (PIABS and PItotal), and quantum yields, and
efficiencies of photosystem II (PSII) measured in eleven critical photosynthetic
parameters, in D26 plants under salinity stress. The OJIP fluorescence transients were
deduced to ten structural and functional indicators of photosynthetic performance of
the plant samples (Table 5). The biophysical parameters and quantum yield and
efficiencies (ϕPo, ϕEo, ϕRo, ϕDo, δRo, ψEo and γRc) were analyzed. The values of
the recorded parameters were normalized with the values of WT plants. The difference
in the values of these parameters among different treatment groups indicates the impact
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of overexpressed potato D26 in A. thaliana under salinity stress. The definitions and
equations of these parameters can be found in the Appendix. Significant differences
were recorded in the Fv/Fm values of D26-NaCl and WT-NaCl plants. The
performance of PSII is estimated with PIABS, while PItotal reveals the overall
photosynthetic performance until the step where PSI end-electron acceptors (RE) are
reduced. PIABS and PItotal, exhibited significant decrease in the WT-NaCl plants
compared to those of D26-NaCl plants (Table 5). In terms of the quantum yields and
efficiencies, a substantial drop in all the parameters (ϕPo, ϕEo, ϕRo, ϕDo, δRo, ψEo
and γRc) was recorded in the WT-NaCl plants in contrast to the significantly higher
values exhibited by the D26-NaCl plants (Table 5).
Table 5: Effect of salinity stress on photosynthetic parameters in wild type (WT) and
D26 A. thaliana lines expressing StD26 gene. That were subjected to salinity stress
and analyzed by JIP test parameters. The details of each parameter are given in
Appendix. Values are the mean ± SE of three independent assays of four replicates in
each treatment. Different letters in each row indicate significant differences (P ≤ 0.05)
between treatments; Tukey’s test (n = 9).
WT-NS

WT-NaCl

D26-NS

D26-NaCl

Fv/Fm

0.82±0.006a

0.75±0.016b

0.8±0.008a

0.79±0.005c

ABS/RC

1.61±0.07a

2.1±0.09b

1.7±0.04a

1.9±0.05c

TR0/RC

1.3±0.05a

1.74±0.07b

1.43±0.03c

1.52±0.03d

ET0/RC

0.75±0.01a

0.85±0.02b

0.78±0.02a

0.80±0.02c

DI0/RC

0.31±0.01a

0.44±0.02b

0.36±0.01a

0.4±0.05b

PIABS

2.31±0.02a

0.48±0.03b

2.16±0.01a

1.87±0.03c

PItotal

1.75±0.04a

0.28±0.04b

0.83±0.03c

1.44±0.02d

ϕPo

0.78±0.005a

0.36±0.003b

0.67±0.003c

0.58±0.005d

ϕEo

0.49±0.003a

0.17±0.004b

0.41±0.003a

0.29±0.004d

ϕRo

0.2±0.007a

0.06±0.003b

0.13±0.004c

0.11±0.005c

ϕDo

0.28±0.02a

0.47±0.05b

0.31±0.03a

0.33±0.04a

δRo

0.58±0.03a

0.17±0.06b

0.44±0.05c

0.38±0.03d

ψEo

0.56±0.06a

0.25±0.03b

0.51±0.03c

0.48±0.03c
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Chapter 4: Discussion
With increasing adverse conditions such as global warming, water pollution,
water scarcity accompanied with over-population prevailing on the planet, global
agriculture is getting severely affected. Moreover, abiotic stress factors further
increase these constraints for the farmers. Among abiotic stress factors, salinity
remains one of the major challenges for the farmers and plant biologists. However,
with the advent of genetic engineering and related biological fields, understanding the
abiotic stress physiology has significantly increased over the years.
Numerous studies have successfully demonstrated that sustainable stresstolerance can be achieved by introducing various stress-responsive genes to develop
improved crop cultivars (Alshareef et al., 2019; Romero-Romero et al., 2020; Sahoo
et al., 2016; Tang et al., 2019). However, not much is known about the role of RBPs
in abiotic stress physiology.
The effects of StD26 overexpression on morphological parameters,
chlorophyll, and carotenoid accumulation in this study (Figure 9; Table 5) appear to
be in line previous transgenic studies for developing stress-tolerant plants.
Overexpression of plastidic maize NADP-malate dehydrogenase (ZmNADP-MDH)
was reported to induce salinity tolerance in Arabidopsis. The transgenic plants showed
increased amount of chlorophyll and carotenoid contents compared to control plants
(Kandoi et al., 2018). In another study, A. thaliana plants overexpressing a myoinositol 1-phosphate synthase gene (SaINO1) from a halophyte exhibited improved
salt-tolerance with higher accumulation of chlorophyll and carotenoid pigments to salt
stress (Joshi et al., 2013).
Salinity stress is one of the major factors that creates disturbance to the
photosynthetic process because of stomatal and non-stomatal restrictions (Mutava et
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al., 2015). Therefore, measuring the stomatal conductance in plants is crucial to
examine the impact of stress on the photosynthetic components. In this study, the D26NaCl plants demonstrated significantly higher stomatal conductance compared to the
WT plants, indicating that overexpression of StD26 might have induced a protective
effect on photosynthesis under salt stress, which allowed the stomata to carry out
passage of carbon dioxide entry or water vapor exit more efficiently than the WT plants
(Figure 10A). On the other hand, another critical marker used to evaluate
environmental stress tolerance in higher plants is electrolyte leakage. It is an indicator
of membrane permeability and the damage to membranes. A significantly lower
electrolyte leakage in the D26-NaCl plants compared to WT plants suggests a
noteworthy salt tolerance in those plants due to overexpressed StD26 (Figure 10B).
The D26-NaCl plants showed significantly increased proline accumulation compared
to the WT plants, suggesting that the osmoprotectant proline is required in abiotic
stress resistance (Figure 10C). The increased proline concentration in A. thaliana
plants overexpressing StD26 plants subjected to stress conditions, is in agreement with
the several previous studies (Akilan et al., 2019; Kabiri et al., 2018; Turk et al., 2014;
Varghese et al., 2019). The MDA equivalent content represents the level of lipid
peroxidation in plants, primarily because of abiotic stress (Gill & Tuteja, 2010).
Previous studies have revealed that low MDA levels in leaf tissue are corroborated
with improved abiotic stress tolerance and plant growth (Byeon & Back, 2016;
Varghese et al., 2019; H. Zhang et al., 2014). Significantly low levels of MDA
equivalent content in the D26-NaCl plants compared to WT plants (Figure 10D)
supports the hypothesis and suggests that overexpression of StD26 can regulate the
MDA equivalent content under salt stress.
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Abiotic stress conditions induce the generation ROS molecules that are
detrimental for the membrane lipids (Gill & Tuteja, 2010). ROS detoxifying enzymes,
APX, CAT, and SOD efficiently remove the ROS molecules from the cells. To
delineate the role of these enzymes during salinity stress, Real-time PCR analysis of
genes encoding these enzymes were performed (Figure 11A, B, C). The APx, SOD,
and CAT genes were upregulated in the D26-NaCl plants compared to the WT-NaCl
plants indicating an efficient antioxidant machinery in D26 plants. These results
demonstrating increased mRNA transcript accumulation in stress-tolerant plants is in
accordance with previous studies (Alyammahi & Gururani, 2020; Puyang et al., 2015;
Sreenivasulu et al., 2000; Varghese et al., 2019).
The evaluation of the consistently altering Chl-a fluorescence transients in
plants exposed to stress, is important as the behavior of the photosynthetic apparatus
determines the overall physiology and optimal health of plants. The parameters Fv/Fm,
PItotal and PIABS have been used in a large number of previous studies to assess the
level of abiotic stresses in plants (Ghosh et al., 2017; Gururani et al., 2012; Jedmowski
et al., 2013; Mehta et al., 2010; Yusuf et al., 2010). From these findings, the WT-NaCl
plants showed significantly lower PI values compared to the D26-NaCl plants,
indicating poor optimal health of WT plants under salt stress conditions compared to
D26 plants (Table 6). Like the specific energy fluxes, the D26 plants exhibited better
performance in terms of quantum yields and efficiencies (Table 6). Similar increase in
the ϕPo, ϕEo, ϕRo, ϕDo, δRo, ψEo and γRc in various stress-tolerant plants was
reported in previous studies (Gururani et al., 2015; Kalaji et al., 2014; Mehta et al.,
2010; Varghese et al., 2019; Yusuf et al., 2010).
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Chapter 5: Conclusion
In this work, the aim was to evaluate the putative stress tolerance of transgenic
A. thaliana plants expressing StD26 exposed to salinity stress. results demonstrated
that S. tuberosum D26 gene positively and significantly influenced various
morphological, physiological, and biochemical parameters in A. thaliana plants under
salinity stress. Taken together, these findings demonstrate that S. tuberosum D26 gene
that encodes for an 86 amino acid ribosome binding protein is a potential candidate
gene for the development of stress-tolerant plant cultivars. Furthermore, the
identification of potential stress-associated genes from the RNA-seq data collected
from WT-NS, WT-NaCl, D26-NS and D26-NaCl RNA samples is underway.
Furthermore, as a continuation of the work presented here, the D26 transgenic lines
will be subjected under heavy metal toxicity and drought stress conditions in order to
confirm their stress tolerance against multiple stresses.
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Appendix
Supplementary Table1. Formulae and glossary of terms used by the JIP-test for the
analysis of Chl a fluorescence transient OJIP emitted by dark-adapted photosynthetic
samples.
Data extracted from the recorded fluorescence transient OJIP
Ft
Fluorescence at time t after onset of actinic illumination
Fluorescence intensity at the J-step (2 ms) of OJIP
FJ  F2ms
Fluorescence intensity at the I-step (30 ms) of OJIP
FI  F30ms
FP
Maximal recorded fluorescence intensity, at the peak P
of OJIP
Fluorescence parameters derived from the extracted data
Minimal fluorescence (all PSII rcs are assumed to be
F0  F50s or  F20s
open)
FM (= FP)
Maximal fluorescence, when all PSII rcs are closed
(equal to FP when the actinic light intensity is above 500
mol photons m-2 s-1 and provided that all rcs are active
as QA reducing)
Variable fluorescence at time t
F  Ft - F0
Maximal variable fluorescence
FV  FM - F0
Phenomenological fluxes
ABS/CS = Fo or Absorption per excited cross-section
ABS/CSM = FM
TRo/CS
= Trapping per excited cross-section
ΦPo·(ABS/CS)
ETo/CS
= Electron transport per excited cross-section
ΦPo·Ψo·(ABS/C
S)
Specific energy fluxes per active (QA-reducing) PSII center
ABS/RC=
(M0/VJ)·Fm/(Fm − F0)

Relative measure of antenna size feeding active PSII
reaction centers

TR0/RC=
M0/VJ
DI0/RC=
(M0/VJ)·(F0/FV)

Trapped energy per active
The rate of the total dissipation of untrapped excitation
energy from all rcs with respect to the number of active
rcs

Quantum yields and efficiencies
Pt  TRt/ABS = [1- Quantum yield for primary photochemistry at any time t,
(Ft/FM)] = Ft/FM according to the general equation of Paillotin (1976)
Po  TR0/ABS = [1- Maximum quantum yield for primary photochemistry
(F0/FM)]
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Eo  ET0/TR0 = (1-VJ)

Efficiency/probability for electron transport (ET), i.e.
Efficiency/probability that an electron moves further
than QA−
Eo  ET0/ABS = [1- Quantum yield for electron transport (ET)
(F0/FM)]Eo
ΦDo = DI0/ABS
Quantum yield for heat dissipation
1
−
φPo
=
F0/Fm
=
Ro  RE0/ET0 = (1- Efficiency/probability with which an electron from the
intersystem electron carriers moves to reduce end
VI)/(1-VJ)
electron acceptors at the PSI acceptor side (RE)
Ro  RE0/ABS = [1- Quantum yield for reduction of end electron acceptors at
the PSI acceptor side (RE)
(F0/FM)]Eo Ro
RC = ChlRC/Chltotal = Probability that a PSII Chl molecule functions as RC
RC/(ABS+RC)
RC/ABS = RC/(1-RC ) = QA-reducing rcs per PSII antenna Chl (reciprocal of
ABS/RC)
Po (VJ/ M0)
Performance indexes (products of terms expressing partial potentials at steps of
energy bifurcations)
PIABS
= Performance index (potential) for energy conservation
 RC
Po
o
from exciton to the reduction of intersystem electron


1 −  RC 1 −  P o 1 −  o
acceptors
PItotal
= Performance index (potential) for energy conservation
from exciton to the reduction of PSI end acceptors
 Ro

PI ABS 

1 −  Ro
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